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ABSTRACT
A literature survey was conducted to determine the factors
which affect aerodynamic drag of spheres.

Graphs are presented which

show the effect of each variable where such information was available.
Equipment was designed and built for the purpose of studying
the effects of acceleration on the aerodynamic drag of spheres.

Special

emphasis was placed on the measurement and control of each of the other
variables which can affect the drag.
Tests were conducted using large spheres in air and water to
show that the method presented can produce a valid determination of
the drag coefficients.

The numerical values of the measured data can

not be considered accurate because of known discrepancies in the test
equipment.
Information is also presented on the use of this equipment for
tests with small diameter spheres.
Recommendations are made for further testing on the aerodynamic
drag of spheres and for needed changes and additions to the test equip
ment.
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CHAPTER I
LITERATURE SURVEY

LITERATURE SURVEY

Basic Relations
The usual method for the correlation of drag data is to use the
Reynolds number as one of the independent variables, and the Drag Co
efficient as the dependent variable.

These parameters, as used herein

will be defined according to the following relations which apply par
ticularly to spheres:

My=

Cd =

Ys-P A s

Fd
Ua.p< i

8 'f

where:

“r
V f
/Xr.
Cd

is
is
is
is
is
is
is

the
the
the
the
the
the
the

(i)

v*-f

(2)

DC

Reynolds number
fluid density
relative velocity of the sphere to the fluid
sphere diameter (characteristic dimension)
fluid dynamic viscosity
drag coefficient
drag force.

In all cases the parameters above and others used herein refer to the
instantaneous magnitude of the parameter unless otherwise specifically
noted.
Other dimensionless parameters are used to indicate the effect
of other variables.

These will be defined as they are used.

2

3
Steady State Conditions
The usually accepted curve for the relation between Reynolds
number and the drag coefficient is shown in Figure 1 [lj.^

This curve

is applicable to the movement of a single sphere at a uniform linear
velocity through an infinite, continuous, incompressible, turbulence
free fluid.

The necessity of these assumptions will be shown below.

The far left portion of Figure 1 can be derived on an analyt
ical basis and is known as Stokes flow.

This derivation is made from

the Navier-Stokes equations by neglecting the momentum terms.

As the

momentum effects become more pronounced the deviation from the straight
line or Stokes flow increases.

Since it can be shown that the Reynolds

number is, in effect, the ratio of the momentum to the viscous forces,
the deviation from the straight' line is as would be expected.
The sudden dip or transition in Figure 1 at a Reynolds number
of about 3 x lCb* occurs when the flow near the sphere becomes turbu
lent,

This is known as the critical or upper critical Reynolds number.

At this point the flow pattern changes and a true turbulent wake is
generated.

The flow at this point separates from the sphere and no

longer tends to follow back around the sphere.

The increased mixing

increases the pressure on the back side, decreasing the pressure drag,
showing the strong influence of flow pattern on the drag coefficient.

Compressibility
Naumann
drag of spheres.

[2~]

investigated the effects of compressibility on the

The results of his investigations are shown in Figure

^Numbers in brackets refer to References,

Figure 1 . The drag coefficient of spheres as a function of Reynolds Number.

(Reference l)

5
2 as a function of Mach number, M, which is defined as:

(3)

M = - ^ f
where:

M is the Mach number
V* is the local sonic velocity.

These curves show a tendency to decrease the severity of the change at
the transition or critical Reynolds number until the transition is
eventually eliminated.

Except for compressibility, these curves have

the same limitations as those given above for Figure 1.
The range of Reynolds number in Figure 2 is far smaller than
that given in Figure 1,

In the intermediate Reynolds number range,

Nr = 10^ to Nr = 10^, no information was found for the effect of com
pressibility on the drag of spheres.
The low density associated with low Reynolds numbers and high
Mach numbers may produce changes in the drag coefficient.

In this re

gime the drag cannot be handled in the conventional manner because it
may not be possible to consider the gas a continuum.

Knudsen Number
Tsien [3] presents curves and equations for the condition where
the flow cannot be considered a continuum.

The Knudsen number, N^, is

used to indicate the continuous nature of the gases and is defined as:

Lp
Dc

where:
Lf

(b)

is the Knudsen number
is the mean free path of the molecules of the gas.

It can be shown that the Knudsen number is proportional to the ratio
of the Mach number to the Reynolds number for a particular fluid.

Figure 2. Dra g coefficients of spheres as a f u n c t i o n of
M ach number and Reynolds number.
(Reference 2)

6

7
There are three basically different regimes of fluid flow which
can be encountered:
lar.

(l) Continuum, (2) Slip flow, and (3) Free molecu

Continuum is the name applied to the usual regions of interest

in fluid mechanics and dynamics.
bers up to

= 0.001.

It covers the range of Knudsen num

The name slip flow comes from the fact that in

this lower density flow regime, the gas molecules in the layer adjacent
to the surface of a body have a finite velocity relative to the surface.
The limits of slip flow are usually taken to be from N^. - .001 to
= 10.

Free molecular flow is where the movement of the individual

molecules must be considered rather than the molecules as a large group
because of the low fluid density and the large distances between mole
cules.

This regime covers Knudsen numbers above 10.

The actual tran

sitions between the above flow regimes are very gradual and the numbers
given above are the usually accepted limits of applicability.
The curves and equations presented by Tsien jjSj cover the three
above flow regimes.

The analysis of this problem and its effects on

the drag of spheres is beyond the scope of this study.

Rotation
Rotation of a sphere as it traverses a fluid also may have an
effect on the drag.

Rotation about any axis can be resolved into com

ponents about (l) an axis parallel, and (2) an axis perpendicular to
the flow.

These two types of rotation are called screw motion and top

spin respectively.

Of these two, top spin is by far the more common

and may be caused by velocity gradients in the fluid and/or collision
with other bodies or surfaces in the flow system [ii].
Drag coefficient data for screw motion was obtained by Luthander

8
and Ryberg Q>].

The results of their studies are shown in Figure 3.

The rotational velocity ratio is defined as:

R =
where:

Mr
Vs-f

TT IDs Ds

(5 )

V s -f

R is the rotational velocity ratio
Vr is the rotational velocity
cJs is the angular velocity of the sphere.

It is used to correlate the data in Figure 3 as well as other data on
rotation.
Less information is available for top spin than for screw mo
tion because of the greater experimental difficulties.

Maccoll

M

and

Davies J^7J investigated the effect of top spin at particular Reynolds
numbers.

The results of these investigations are shown in Figure lu

In addition to the change in drag, top spin would produce a lift which
would result in a curvelinear path.
Although the effect of each type of rotation is given, no method
is available for combining these effects to obtain drag coefficients for
a case with components about both axis.
In addition to the above restrictions on the applicability of
Figures 3 and li, the restrictions given for Figure 1 apply.

That is,

this is still applicable only to an infinite, continuous, incompressible, turbulence free fluid with a single sphere moving with a uniform
linear velocity.
No information was found on the effect of rotation about either
axis in the intermediate Reynolds number regime.

It is known, however,

that at low Reynolds numbers, particularly for Stokes flow, rotation
has little to no affect on the drag.

This can be shown from the ana

lytical solution of the Navier-Stokes equations [IT],

Figure 3. The drag coefficient of spheres as a function of
screw motion (Axial Rotation).
(Reference 5)

Q
/

o

Figure Iw The drag coefficient of spheres as a function of top spin rotation.

(References 6 and 7)
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Acceleration
Any body changing velocity and/or direction is being accelerat
ed.

The effect which acceleration will have on the drag of a sphere

will depend on the entire system in which the sphere is involved.

This

study will involve itself only with the special condition of linear
acceleration.

Many other cases are covered herein indirectly;

for ex

ample, a sphere performing simple harmonic motion may have linear accel
eration with the added complication of fluid turbulence induced by the
previous cycle.

Turbulence is considered below.

Information and addi

tional references are given in reference 8 for other special cases of
acceleration.
Among the first investigators to present data on the influence
of acceleration on the drag of spheres was Lunnon

[9, 10, llj . Using

a tank of stagnant fluid, Lunnon dropped spheres in the tank and timed
their fall for various distances.

The dropping mechanism was carefully

arranged so that it would not impart any unnatural rotation to the
sphere.

Lunnon attempted to explain the data he obtained in terms of

an "Added Mass" concept which was advanced in 1827 by F. W. Bessel.
The added mass concept is essentially that because the body is acceler
ating, it tends to accelerate the fluid in the boundary layer and wake.
The mass of this fluid therefore increases the required accelerating
force.
and 10.

A more complete explanation of this is given in references 8
Lunnon found that when his data was correlated according to

this concept, the values of additional mass obtained showed that the
apparent physical reasoning behind this concept was invalid.

Figure 5

presents Lunnon's data as recalculated by the authors of reference 8 .
Bugliarello [12J measured the drag of spheres as they were
accelerating by dragging the sphere with a constant force through a

Figure

5>. The d rag c o e f ficients of spheres as a f u n c t i o n of
a c c e l e r a t i o n and Reynolds number, as m e a s u r e d by
Lunnon.
(References 8 and 10)

12

13
stagnant pool.
Figure 6.

The results he obtained using this method are shown in

His data correlates in terms of an acceleration modulus, N ,

which is defined asi

Na =
where:

(

V

(6)

s

-e)

Na
is the acceleration modulus
(Vs*_f) is the acceleration of the sphere.

The acceleration modulus was derived on a dimensional analysis basis by
Keim [li] in his work on cylinders and is also used to correlate drag
data under the influence of acceleration for other shaped bodies.
The biggest problem with the method used by Bugliarello is that
the shape that the fluid sees is not quite that of a sphere.

The attach

ing member would disturb the flow uostream from the sphere and slightly
alter the flow pattern in the region of the forward stagnation point
regardless of how small the attaching member was.

A qualitative approx

imation of this effect may be obtained from Figures 7 and 8 which show
the flow around a cylinder with and without at attaching member respec
tively.
Despite the problems with the test procedure, Bugliarello's
data agrees at least qualitatively with that obtained by Lunnon.
Fleddermann and Hansen [1I4,
on the drag of spheres.

si ] conducted experiments in 1932

They entrained liquid droplets (spheres) in a

moving air stream and photographed the movement of the droplets.
results of their investigations are shown in Figure 9.

The

The velocity

given on the various curves was the velocity of the air into which the
spheres were placed.

Associated with each air velocity would have been

a particular acceleration pattern.

Fleddermann and Hansen therefore

attributed the differences in the curves to the acceleration.

They

assumed the low values were due to evaporation from the surface of the

Figure 6. The drag coefficients of spheres as a f u n c t i o n of
a c c e l e r a t i o n and R e y nolds number, as m e a s u r e d by
Bugliarello.
(Reference 12)

lij-

H
vn

Figure 7. Flow around a cylinder in a laminar stream with an up stream attachment— flow from
left to ri^it.

H
O

Figure 8. Flow around a cylinder in a laminar stream— flow from left to right

Figure 9. The drag coefficient of spheres as a function of acceleration
and Reynolds number as measured by Fledderman and Hansen.
(References
lb and 15>)

17

18
liquid.

This was later disproved by Ingebo [l6, 17].

It is quite

possible that the test apparatus used in these experiments gave exces
sive fluid turbulence at the test locations.

This may be the reason

for the extremely low values and differences with air velocity which
they obtained.

More will be given below on the effect of turbulence.

In 1951-1 Ingebo began a series of tests Q l6, 17J using apparatus
very similar to that used by Fleddermann and Hansen.

Ingebo, however,

placed a screen just upstream of the test locations to help eliminate
large scale turbulence in the stream.
are shown in Figure 10.

The results obtained by Ingebo

It is notable that all of the data fell along

a single line, although he used several air velocities, and had measured
accelerations of up to 28,000 feet per second per second.

It is quite

possible that the effect recorded by Ingebo is also due to the turbu
lence characteristics of his system rather than acceleration.
As will be noted from Figures 5, 6, 9, and 10, the data on
acceleration effects is quite inconclusive, although some effect of
acceleration may be expected over the intermediate Reynolds number
range.

It appears that at high Reynolds numbers the effects of accel

eration are minimized.

At low Reynolds numbers an effect is predicted

by the Navier-Stokes equations, although this effect is notable by its
absence in the works of several investigators ["l6, 17, 18, 193 •

Turbulence
The variable which seems to have the greatest effect on the
drag and drag data is the fluid turbulence.

Fluid turbulence is the

pertubation about the local velocity or vorticity and has nothing dir
ectly to do with the local Reynolds number.

The local Reynolds number

H

VO

Figure 10. The Drag Coefficient of spheres as a function of acceleration and Reynolds
number as measured by Ingebo. (Reference 17)

20

is an indication only of the stability of the flow and not of the ac
tual turbulence level.

For flow with a Reynolds number above the so

called critical Reynolds number any disturbance to the flow will be
amplified until the entire flow contains turbulence.

For Reynolds

numbers below critical, disturbances tend to be damped out by fluid
viscosity.
Fluid turbulence data is correlated in terms of a dimension
less turbulence level defined as:

N

where:

= i s _
Vs-p

(7)

is the turbulence parameter
Nt
Vrms is the root-mean-square of the pertubation velocity
component.
Figure 11 gives the effect of the turbulence level on the crit

ical Reynolds number [18, 19].
become asymptotic to zero.

At low Reynolds number the curve would

This would lead to the conclusion that at

low Reynolds numbers the effect of turbulence would be lower.
The theory shown on Figure 11 is that developed by Taylor [jl8,
2o] and is based on stability relations for flow about a sphere.
Figures 8 and 12 show the effect on the flow around a cylinder
of vorticity in the fluid stream.

Because of the decreased area of

the wake it would be expected that the pressure drag would be lower,
resulting in a lower drag coefficient.

Fall Effects
Lunnon [jLO] also investigated the effect of the walls on the
drag.

Figure 13 presents the data he obtained.

This figure varifies

the necessity of the assumption of an infinite fluid on the preceding

ro
H

Figure 11. Critical Reynolds number of spheres as a function of fluid turbulence parameter
(References 18 and 19)

ro
ro

Figure 12. Flow around a cylinder in a turbulent stream— flow from left to right

ro

to

Figure 13. Terminal velocity of spheres as a function of tube diameter ratio
(Reference 10)
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curves

Surface Roughness
The roughness of the surface of a sphere will affect the drag.
The effect seems to be that the surface roughness increases the local
fluid turbulence and therefore decreases the drag of the sphere.

This

is born out by the observed fact that increasing the fluid turbulence
decreases the lowering of the drag obtainable by roughening the surface.
No quantitative, thorough determination has been made of the
effect of the surface roughness on the drag of spheres [_ij.

Past History of Flow
As was mentioned above, the Reynolds number of a fluid flow sys
tem is an indication of the stability of the flow.

Because of this, in

unsteady conditions, the type of flow prevailing at one instant will in
fluence what can happen the next.

This is particularly true in phenom

ena associated, as the drag is, with the wake of a sphere.

The shedding

of vortices from a sphere is done in an almost random fashion and does
not occur in uniform "streets" as it does in the wake of cylinders.
Therefore, the shedding of one vortex will determine, partially, where
and to what extent the next may develope [_2l].

As an example of an effect

due only to the history of flow consider the case of a sphere where the
velocity is suddenly reduced.

The turbulent and separated wake would

tend to remain this way for a period of time even at a Reynolds num
ber where the wake would not be separated in steady flow.

Further,

for a laminar flow to become turbulent some infinitesimal disturbance

25
is needed.

Therefore, a laminar flow would tend to remain laminar un

til a disturbance is felt.

Because of this time dependence,whenever

flow conditions are varying rapidly, it may be expected that the in
stantaneous drag may differ from steady state conditions in addition
to any acceleration effects.

Multiparticle Flow
The flow systems considered to this point are for a single
sphere in a uniform flow field.

Several effects may be expected when

many spheres are traversing the same flow field.
The turbulence of the stream will be increased due to the wake
phenomena if vortex generation occurs.
Ingebo [l7] reports that in the range of relative Reynolds num
bers he considered, a tenfold increase in particle density had no affect
on the particle drag.

It is the opinion of the author, however, that

this was due to fluid turbulence in his test set up and that no further
changes in turbulence occurred due to the further addition of parti
cles.^

Heat Transfer
Heat transfer to or from a body will change the drag character
istics by changing the viscosity of the fluid near the body compared to
the free stream conditions, and by local density changes, etc.
A full discussion of the effects of heat transfer is beyond
the scope of this study.

p

See also

0
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CHAPTER II
EQUIPMENT

Equipment

Design PhilosophyIn any tests investigating the effects of acceleration on the
aerodynamic drag of spheres, it is essential that all the variables
discussed in the preceding section be controlled.

Several methods of

providing an accelerating force on a sphere were investigated.

Each

of the methods used in the literature was considered, and each was
found to have inherent problems associated with providing an acceler
ating force or controlling the system variables.
lems were mentioned in the Literature Survey.

Some of these prob

Other methods of pro

viding an accelerating force necessitated very limited ranges of other
variables.

As a result of this investigation, it was felt that the

system which would be the best for providing large ranges of all var
iables and still maintain easy control was a magnetic system.
system is not without certain disadvantages.

This

These will be discussed

later.
The system consisted basically of a closed test chamber in
which a ferritic sphere was dropped.

As the ball fell, it was acted

upon by its weight and the magnetic field trying to accelerate the ball
downward.

As the sphere moved downward, data on its movement was photo

graphically recorded.

The test chamber, magnet, and measurement and

control equipment are each described in detail below.
setup is shown in Figure lU.

2?

The entire test

ro

CO

Figure lii. Test setup for the measurement of the aerodynamic drag of spheres

29
Test Chamber
The test chanter used in the tests reported herein is shown in
Figure 15.

It consisted of a closed box with a glass front.

On the

back of the chamber, opposite the glass, was a white background on
which lines were scribed at one-half centimeter intervals.

Perpendic

ular to the spaced, scribed lines was a reference line used to position
the test chanter in the magnet.

The test cavity in the chamber shown

in Figure 15> is 1.06 inches deep, l,f?0 inches wide and 8.6 inches long.
This chamber was plumbed for easy filling and draining for any fluid
and fluid pressure.

Holes were provided along one side for inserting

a rod on which to focus the camera.

The holes could also be used for

generating turbulence in the test cavity.

An access hole was provided

at the top through which attachment was made to the sphere release
mechanism.
The test chamber was constructed entirely of non-magnetic materiels in order to prevent interference with the magnetic field.
The test chamber was held in the magnet by two studs which
wedged the chamber against the insulation on the bottom pole and held
it in place relative to the cylindrical surfaces.

The chamber was

thermally insulated from the magnet center core to prevent heating of
the chamber by the magnet windings.

Magnet
Figure 16 shows the completed magnet assembly.

The top, semi

circular piece was one of the magnetic poles and the small cylindrical
section below and concentric with the top was the other.

The coils

were connected to oppose each other so that the magnetic field was be-

Figure lp. Test chamber used in system evaluation tests.
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Figure l6. Completed magnet assembly.
The paper silhouetting
the center pole is an 8|- x 11 sheet.
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tween the two poles mentioned.

If the coils did not oppose each other

the magnetic flux would remain mostly in the iron core.
The magnet core was constructed of low carbon, cast steel.

As

will be noted in Figure 16, the magnet poles contain three dimensional
contours.

The purpose of these was to help eliminate the effects of

fringing.

How the core and windings were designed, details of the

shape, and the equations related to them are given in Appendix A.
As will be noted in Figure 16, a flat plate was mounted to the
top of the magnet.

This plate was steel and provided a magnetic shield

for the area above the magnet to allow the use of instruments in that
area.

It had a steel attachment at its center and was held in place

by four brass bolts.

These bolts were also used for leveling the plate.

A hole was drilled through the center attachment of the plate and on
through the magnet core.

This hole was to provide access into the mag

netic field for calibration of the field and injection of small diameter
spheres.
There were 2000 ± 2 total turns of #10 copper wire in the coils
of the magnet.

The resistance of the coils was just under six ohms and

was very sensitive to the temperature of the coils.

The coils were

cooled by water flowing through copper tubing wound into the coils.
close up view of this is shown in Figure 17.

A

This cooling method was

never considered adequate as there was very little contact between the
winding and the cooling coils.

The coils should be submerged in a bath

for operation at high power levels.

Thermocouples were placed in the.

coils during the winding at potential hot spots to indicate when max
imum temperatures were reached.
In Figure 17 scribe lines are shown on the end of the center
pole on the front side.

This marked the approximate center of the two

VjO

Figure 17. Magnet windings and cooling coils— showing scribe lines on the end of center pole.
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concentric surfaces.

It, therefore, represented the point from which

the distances in the equations derived in Appendix A were measured, and
was used as the reference line for all position measurements.
A steel frame with large swivel wheels was built to mount the
magnet upon and to allow movement of the assembly.

On top of the steel

frame a large laminated wooden block was placed to separate the magnet
from the steel frame to cut down flux leakage,

A large aluminum block

was placed under each end of the magnet and bolted to the magnet with
the bolts which held the two pieces of the core together.

The aluminum

blocks were then bolted to the wooden block to hold the entire assembly
together.
A screw type jack was placed under each corner of the steel
frame and was used to level the system and prevent movement of the sys
tem during tests.
The magnet stand is shown in Figure lit.

Release Mechanism
A release mechanism was provided to drop the sphere at the pro
per time.

This is shown in Figure 18.

A spring held the jaws on the

ball until the solenoid mounted above the magnet was actuated.

The

solenoid moved the entire release mechanism upward, causing the jaws to
be forced apart.

Figure 19 shows the holder with the ball inside, and

Figure 20 shows the holder in the released position.
The purpose of this arrangement was to impart minimum rotation
or. side movement to the sphere

Figure 13. Sphere release mechanism assembled into the
magnet system.
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Figure 1 1. Jaws of release mechanism with sphere inside.
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Figure 20. Release mechanism jaws after release of sphere.
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Camera and Camera Mounts
A Faxtax WF 17 camera built by Wolensak Camera Company was
used to obtain the displacement data of the sphere as it fell.

This

camera was capable of speeds in excess of 6000 frames per second with
effective shutter speeds up to l/l2,000 of a second.
Two neon timing lights were mounted inside the camera which
were used to provide a time indication on the film.

This was required

because the film speed changed continuously during high speed runs.
During the equipment evaluation tests reported herein, the cam
era was mounted on a tripod.

This was not entirely satisfactory be

cause of the possibility and probability of it being bumped.

There

fore a non-magnetic camera mount was designed which would:
(1)

Provide rigid connection of the camera to the magnet
and test chamber,

(2)

Allow rapid change of test stations without refocusing
(for use with displacement-velocity data as explained
in Appendix B), and

(3 )

Help to eliminate relative movement of the system due to
facility vibration.

This camera mounting system is shown in Figures 21

22, and 23.

Camera Control System
The camera control system shown in Figure 2lq was designed and
built as a part of this project.

It was used as the master control for

all processes and sequences in taking actual drag measurements.

This

equipment has the following functions:
(1)

Camera speed control,

(2)

Timed off-on switches used for synchronizing all operations.

Figure 2iu Camera control assembly.
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(3)

Control of time intervals on timing traces on film.

Lighting
Special non-magnetic lights and light holders are used to pro
vide the high intensity illumination required for the high effective
shutter speeds used with this system.

The bulbs used were 1000 watt

projection bulbs with a proximity reflector built in.
quired forced cooling for which air was used.

These bulbs re

These lights are shown

in Figure 25 •
The lights were mounted on completely adjustable arm systems
attached to the magnet stand.

These mounts are shown in Figure 26.

Because of the amount of heat radiated by the bulbs, the lights
were not turned on until two to three seconds before the test runs were
made.

For this purpose, sequencing control was used on the lights.

Test Bench
A test bench was built to allow operation of the entire test
system from one point.
Provisions were made for controlling the magnet current in the
test bench.

An ammeter shunt to measure magnet current was built into

the system as well as switches and resistors for demagnetizing the mag
net system.

Figure 27 shows the schematic of the electrical circuit of

the test bench.
The cooling water to the magnet coils was controlled and meter
ed at the test bench.

Two other water flow controls for use with small

diameter spheres were also included in the test bench.

The air flow to

Figure 2£. Light fixtures

hi

Figure 26. Light fixture mounts

h2

Figure 27. Electrical schematic of Test Bench

h3

hk
the lights was also controlled at the bench.

Magnetic Field Calibration Equipment
The magnetic field of the magnet was calibrated to determine
the force exerted on the spheres.
shown in Figure 28.

The setup used for this purpose is

A sphere of the same size and material as the

sphere to be tested was attached to a brass rod.

The rod was suspended

through the hole in the top of the magnet from the balance arm of an
analytical balance.

The rod contained an adjustment so that the posi

tion of the sphere in the field could be set at any desired position.
The position of the sphere within the field was measured using a cathetometer.

All measurements were referenced to the scribe line on the

magnet.
Three different rods, each with a different ball, were used.
The balls were the same diameter within 0.0003 inches and had the same
weight within 0.003 grams.

The differences in weight were compensated

for in the calibration procedure.

Figure 28. Calibration test setup.
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CHAPTER III
TEST PROCEDURE

TEST PROCEDURE

Introduction
In order to obtain data on the aerodynamic drag of spheres the
following test procedure was found to be essential with the equipment
described in Chapter II.

It was necessary to align and level the system,

allow the system to warm up, and to demagnetize the core before tests
could be run.

Before and/or after tests it was necessary to calibrate

the magnetic force field.

The procedure which is outlined below in

greater detail was used on the system evaluation tests.

Modifications

to the test procedure for testing with small diameter spheres are given
in Chapter VI and Appendix B.

System Leveling
In order that the direction of the magnetic force be the same
as that for the force due to gravity, it was necessary that the magnet
be leveled.

A small non-magnetic plumb bob was placed through the hole

in the magnetic shield and magnet.

The string on the plumb bob was hung

such that it passed through the center of the hole.

The jacks under the

magnet stand were adjusted until the plumb bob was aligned with the ver
tical scribe line on the end of the center pole and with a scribe line at
the transverse center of the center magnetic pole.

The transverse scribe

was aligned with the hole in the magnet top when the magnet was assembled.
The alignment thus achieved was then checked with a magnetic
plumb bob.

The core was demagnetized using the procedure given below.
1*7
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The plumb bob was suspended in the field in the same manner as given
above.

The telescope of the optical height gage was sighted on the point

of the plumb bob and the magnet was turned on.

Any movement of the plumb

bob was an indication that the two forces were not aligned.

This pro

cedure was repeated while viewing the plumb bob from two other angles.
Since no movement was visible from any direction it was assumed that
the system was then leveled.
The test chamber was then placed in the magnet and aligned so
that the non-magnetic plumb bob was parallel with the vertical scribe
line on the back of the test chamber.

Alignment in the other plane was

visual, insuring that the plumb bob was the same distance from the walls
all the way up.

Magnet Warm Up
The cooling water to the magnet was turned on to a flow rate
which had previously been found to cool the coils sufficiently.

The

power was applied to the magnet and the current flow was increased
until the desired current was reached.

As the magnet heated up, the

voltage across the coils was manually increased to maintain a constant
current flow.

After the temperature of the coils, as measured by the

thermocouples in the coils, became constant, the magnet was demagnetized
using the procedure outlined below.

Demagnetization of Core
Demagnetization was found to be necessary to assure repeatability
in the force data obtained.

The entire demagnetization process usually

1)9
took less than five minutes.
The magnet was demagnetized using the following procedure:
The magnet current was turned off and the polarity reversed.

Resist

ance was then added to the line sufficient to decrease the current about
twenty percent.
turned off.

The power was again applied to the windings and then

Again the polarity was reversed and more resistance added

to the line and/or the supply voltage was decreased so as to give a
twenty percent decrease of the last current value.
applied and turned off.

The power was re

This procedure was repeated until the voltage

across the windings was as low as the supply would permit.

Set Up for Test
The current through the coils was increased again to the desired
value immediately after demagnetizing.
the center pole the magnetic south pole.

The polarity was such as to make
The water through the cooling

system remained on the entire time.
The test chamber was assembled with the ball in the release
mechanism.

The release jaws were positioned to give minimum vertical

travel of the jaws before release.

The camera was focused and the lights

adjusted so that no glare from the test chamber glass was visible through
the camera.
equilibrium.
sequences.

The chamber was filled with fluid and allowed to come to
The camera control was set at the proper voltages and time
The camera was then fired by the camera control and a frac

tion of a second later the sphere was released.

The sphere was then

photographed as it traversed t'o'the 'bottom of the test chamber.
magnet was then left unchanged for calibration.

The
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System Calibration
The location of the reference lines in the test chamber rela
tive to the scribe line on the magnet was then measured with the optical
height gage.

The test chamber was then removed from the magnet.

The

calibration balance was assembled on top of the core and leveled.

The

force on the calibration rod was measured at various locations in the
magnetic field beginning at the top and moving downward.

The location

within the field was again determined relative to the scribe lines on
the magnet with the optical height gage.
In determining the force with the scale, great care had to be
exercised.

If the weights in the pan were less than the force of the

rod, the rod would move downward, increasing the force.
then cause the rod to continue to move downward.
pan was too large, the rod would move upwardj

This would

If the weight in the

hence, the balance was

unstable in either direction. .When the direction of movement for sev
eral trials appeared to be random this was taken as the proper weight.
The balance arm supports, when drawn away from the balance arm,
would slightly disturb the arm.

The only place where the disturbance

due to the balance arm support was noticeable was when the weight was
within about two milligrams.

By observing the predominate direction

of motion, the weight could be obtained to within less than half a
milligram.

Data Reduction
The photographic record of the fall of the sphere was printed
frame by frame using every fifth or tenth frame.

The position of the

ball as well as the photographic magnification was determined from the
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print with a micrometer.
Figure 29 .

One of the actual prints used is shown in

In order to limit the error in obtaining displacement data,

it was necessary to have the camera well focused and to use a fine
grain developer.

Even with the use of a fine grain developer the grain

of the movie film shows on Figure 29 .
Each frame was assigned a frame number beginning approximately
where release of the sphere occurred.

The time at each frame was deter

mined from the timing traces using linear interpolation between the
beginnings of the timing marks.
The data thus obtained was curve fit using a method of least
squares to obtain an approximating polynominal of order ten or below.
The order used was the lowest possible order to give approximately the
lowest error summation.

The approximating polynominal was obtained by

using an IBM 650 digital computer.
force data in a similar manner.

A curver fit was applied to the

Both curves, with their analytical

derivatives, were used to determine the drag force and the drag coeffi
cients .

Figure 29. Enlargement from high speed photograph used in the
reduction of data from run number lf>-l.
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CHAPTER IV
EVALUATION OF TECHNIQUE

evaluation of technique

Introduction
It is the purpose of this chapter to show to what extent the
variables listed in Chapter I have been controlled by the equipment
designed for this work.

Ir. many cases the range of the variables ob

tainable with the present equipment is given; although, such a range
was generally not covered in the tests presented.

Drag Coefficient
The method used to determine the drag force as needed to obtain
the drag coefficient limited the accuracy of the entire system.

The

drag force was taken as the difference between the net applied force
and the mass of the sphere times the acceleration.

Because the drag

force is small at low velocities compared to the other forces, taking
the difference magnifies the error.

Reynolds Number
The Reynolds number range covered by any particular test can
be controlled by varying any of the following parameters within the
test chamber:
(1)

fluid in the test chamber,

(2)

sphere size,

5k
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(3)

velocity at entrance to the test area,

(h)

temperature and/or pressure in the test chamber, and

(5)

magnet current (acceleration).

Utilizing these variables it should be possible to obtain Reynolds num
bers from .001 to 10^,

Compressibility
The ranges of Mach number obtainable in this equipment is
limited only by the entrance velocity and the sonic velocity of the
fluid in the test chamber.

At relatively high velocities obtaining

sufficient data for a displacement curve would become a problem.

The

magnetic force would not change due to the velocity as long as the move
ment is parallel to the field and the velocity is small relative to the
velocity of propogation of the magnetic field.
In the evaluation tests reported herein the effects of compress
ibility were avoided by using water and very low velocities.

Knudsen Number
Provision can easily be made for low density studies by evac
uating the test chamber and/or using small diameter spheres.

The use

of small diameter spheres is covered in Appendix B.
Low density flow was not used in the system evaluation tests.

Rotation— Top Spin
UShen a sphere is placed in a magnetic field, the induced mag-
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netism produces poles on the sphere.

Since a torque is produced on any

magnet within a magnetic field tending to align the magnet with the
fields the magnetic field would tend to hold the sphere from rotating
in a top spin motion.

This is due, in part, to the magnetic poles on

the sphere remaining fixed due to magnetic hysterisis of the sphere
material.

Rotation— Screw Motion
There is nothing inherent in this system which would inhibit
screw motion rotation.

However, since screw motion is not common in

most flows, it is of little concern as long as there is nothing to in
duce such motion.
The only solid body to come into contact with the spheres in
the tests reported herein was the release mechanism.

It was designed

to prevent imparting any stray motions to the sphere.

Acceleration
The acceleration of a sphere obtainable with the present equip
ment is a function of the current in the magnet windings.

Accelerations

of up to thirty-five times the acceleration of gravity have been measur
ed on this apparatus.

By using better materials for the spheres and

with the changes which are recommended in Chapter VI, acceleration of a
much higher value would be obtainable.
The acceleration for the tests reported herein was determined
from the second analytical derivative of the displacement polynominal.
Another method of obtaining the acceleration is also available and is
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discussed in Appendix B

Turbulence
In the evaluation tests reported herein, the fluid was stagnant.
Over the majority of the path, therefore, there would have been no
fluid turbulence.

It should be noted, however, that some turbulence

would have been caused by the opening of the jaws of the release mech
anism.
Turbulence could be induced in the test chamber in any number
of ways; such as, turbulent jets of fluid, stirring, etc.
turbulence

The fluid

within the chamber could be measured with a hot-wire or a

thin film anenometer.

Wall Effects
Based on Figure 13 and assuming the minimum dimension of the
test chamber to be applicable, the effect of the walls on the veloci
ties of the spheres reported herein would be significant.

The test

chamber used was designed and built for use with smaller spheres and
should not have been used in tests with large spheres.

There is no

reason why a larger test chamber could not be built and used however.
The effect of chamber walls could be investigated by using dif
ferent size test channels.

The space inside the magnet poles is suffi

cient for far larger test chambers.
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Surface Roughness
The surfaces of the spheres used in the evaluation tests herein
reported appeared smooth even under a low power microscope. A closeup
view of one of the spheres is shown in Figure 30,
In additional tests the surface finish must be documented.

Heat Transfer
In the evaluation tests, the sphere and fluid were allowed to
reach equilibrium before any tests were made.

The lights used, however,

radiated large amounts of energy to the test chamber.

The sphere was

covered during the period prior to release, and, hence, would only re
ceive radiation during the period of fall.

It was felt that the heat

involved during this time would be negligible.

Error Analysis
An error analysis was made of the system to determine the mag
nitude of the maximum possible error in the final result.

Because the

maximum possible errors are a function of the value of the parameters
the value obtained for the data is presented with the data in Chapter
V.

Table 1 contains the least count and probable absolute accuracy of

each instrument used in the tests.
The total differential of

dCCd)=

^

QdLfdl
I6*r Q?

cd

based on equation 1 is:

aEum .

A ( l/s-f)
tt /?
nr

Dividing by equation 1, equation 8 becomes:

16 Fd.d Ds
m

i/ s-f Ds

(8 )

Figure 30. Sphere used in evaluation tests showing surface finish
and relative size.
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TABLE 1
INSTRUMENTATION ACCURACIES
Instrument

Instrument
Least Count

Estimated
Accuracy

Units

Analytical Balance

.0001

.0003

grams

Cathetometer

.005

.010

centimeters

Magnet Current

.05

.10

millivolts

Timing Light

1 frame

.ooou

sec.

Test Chamber Pressure

.01

.05

inches Hg,

Test Chamber Temperature

1

5

Op-

Sphere Diameter

.001

.0005

inch

Displacement on Photograph

.001

f’O
o
o•

inch

60

6l

^ C C A)_

d(Fj _

Cj

Fd

dtf
4

Z d V %.f _ 2 d D ,

Equation 9 is then the percentage deviation due to each variable,
variation in

dCEsi)=
Fy

(9)

VW
The

may be found in the same way as:

cLLEjoA — r!(Fa)

(10)

F rn— Fd

In equation 9 the values of the deviation may be either positive or
negative so that each sign should be considered as plus or minus.

The

same thing is true of the numerator of equation 10, but not the denomi
nator.

The applied force due to the magnet, gravity, buoyancy, etc.,

was computed from the polynominal.

The difference between the polynom-

inal and the data plus the error in the data comprise the error in the
force, d(Fm).

The error from the polynominal was calculated by the

curve fit program and the error in the data would be the vector sum of
the measured force error and the distance error, taken at right angles.
In a similar manner the contributions of all other variables could be
determined

CHAPTER V
SYSTEM EVALUATION TESTS

SYSTEM EVALUATION TESTS

Magnet
Measurements were made on the completed magnet assembly to
determine how closely the magnetic field agreed with the mathematical
model.

Figure 31 shows the data obtained from probing the field with

a fluxmeter.

The circles in Figure 31 are data taken at the center of

the field where the sphere fell during testing.
taken in a line in the plane of the magnet face.

The triangles were
The theoretical lines

shown in Figure 31 are based on the mathematical model given in Appendix
A assuming no flux losses and no fringing.

The reason for the deviation

between the theoretical line and the actual at the center are the flux
losses and fringing.

The values at the face are a consequence of the

fringing and the contouring of the magnet poles.
Because of the large size of the flat search coil used in these
tests, the effective location of the coil would be different than the
location as measured at the center of the coil.

This was not considered

in Figure 31 .
The force exerted by the magnetic field on a particular sphere
within the field is shown in Figure 32 , The force is plotted as the
ratio of the magnetic force to the weight of the spheres in air to cor
rect for slight differences in the weights of the spheres used.
The theoretical line in Figure 32 is an equation of the form:

P _
r-m-

Co^sfa
y3

y\~t

(n)
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Figure 31. Magnetic field flux density

Figure 32. Magnetic force on a sphere as a function of location.
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Where the value of the constant was determined from the data of Figure

32 at a radius of 10 centimeters.

This method was necessitated because

no permeability data was available for the spheres used.

Equation 11

would be equivalent to assuming a constant permeability of the sphere.
Figure 32, therefore, shows the effect of the permeability of the sphere.
The greater the current in the magnet coils, the closer equation 11
will come to expressing the force-distance relation.

This says only

that as the magnetizing force increases the permeability becomes con
stant .
It should be noted that Figure 32 is valid only for a particular
material and for a specific size sphere.

Consequently, it cannot be

considered a general calibration.
Figure 33 shows the effect of the magnet current on the force
exerted on the same sphere as above at a distance of approximately
eight centimeters from the reference line.

The curve is close to being

a quadratic, the difference being due again to the change in permeability.
The slope of the line in Figure 33 would probably decrease severly for
currents above that shown due to the decrease in permeability.
Figure 33 is one of a family of curves for different locations
within the field.

Because of the shape of the permeability curve for

any magnetic material, the effect of the current would be different at
each point.

The general shape of the curve will be the same, but they

will differ in detail.

Drag Coefficients
Figure 3J4 presents the data obtained for the drag coefficients
of a single sphere accelerating in stagnant air and water with a nearby

Figure 33. Magnetic force on a sphere as a function of magnet
current *
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Figure

3h. Measured drag coefficients.
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wall,

This data cannot be assumed valid because the effects of the

wall are unknown.

The values given should represent the actual case

within 15 percent for the air and

7 percent for the water.

This

estimate is based on the equations presented in Chapter IV.
Table II presents the data shown in Figure

3k, giving the

acceleration modulus and acceleration for each point.
In run 15-1 a sphere was dropped and allowed to fall under its
own weight in air.

It is noteworthy that the acceleration increased to

a maximum of 977 centimeters per second per second rather than starting
high and decreasing.

The maximum value compares well with the local

acceleration of gravity of 979.8 centimeters per second per second.
In run

lk-2, as shown in Figure 3 k » the acceleration of the

sphere did not increase as the force increased.

This resulted in an

increase in the drag coefficient toward the end of the run.

TABLE 2
DATA OBTAINED IN EVALUATION TESTS
Run lli-2
Fluid in Chamber: Water
Sphere: Steel ,2h9 Inches Diameter
Magnetic Force Applied
N

cd

Nr

.620
.603
.590
.580
.571
.563
.555
.5U8
.5Uo
.533
.526
.520
.515
.513
.513
.519
.531
.5U9
.576

5555
56U6
5737
5827
5918
6008

.023
.022
.022
.021
.020
.020

6098
6187

.019

.612
.661

a

.018
.018

6277
6365
6U5U
65Ui

.017
.017

.016
.016

6628

.015
.015
.01U
.OlLi

6715
6800
6885

6969
7052
713)4
7216
7296

.013
.013
.012:
,012
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(vs:f )

cm/sec

285
281;

28)4
28U
283

282
281
280
279
277
275
27U
272
269
267
26U

262
258
256
253
2)49
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TABLE 2 (cont,)
Run 15-1
Fluid in Chamber: Air
Sphere: Steel .259 Inches Diameter
No Magnetic Force Applied
c
d
1962
1900
1167

920
735
592
582

39h
32k
268
222
185
153

N

r

65.2
71.5
78.6
85.9
93.2
101

108
115
123
130

138
155
153

128
107

161
168

89.5
75.7
62.3
51.8
53.1
35.7
29.5
25.2
19.8
16.1
13.0
10.5

176

8.32
6.59
5.20
5.09
3.23
2.59
2.13

1.83
1.68
1.65
1.71
1.88
2.13
2.55

183
192
199

207
215
223
231
239
256
255
262
270
278
286
295

302
310
318
326
335
352
350
358

366
375

N

a

1.63
1.33
1.10
.929
.795
.686
.598
.526
.566
.516
.375
.337
.306
.278
.255
.235
.215
.199
.185
.171
.159
.159
.139
.130
.122
.115
.108
.102

.096
.091
.086
.082
.078
.075
.071
.067
.065

.061
.059
.056
.055

(v •)
cm/se?2

877
883
888
893
899
905
908
913
918
922
926
930
935
938
951
955
957
951
955
956
959

961
963
965
967
969
971
972
973
975
975
976
977
977
977
977
977
977
977
976
975
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RECOMMENDATIONS AND CONCLUSIONS

Equipment
Magnet
In order to increase the maximum acceleration obtainable with
the magnet system* a greater number of ampere turns is needed.

Because

of the length of wire needed to go around the core and the limited
room available for coils on the present magnet, the arrangement shown
in Figure 35 is recommended.

This arrangement allows more room for

coils and decreases the perimeter of the core.
is only on one side.

Because of the large air gap in the magnet there

was very little loss of

magnemotive force in the core.

only thing gained by the use of the parallel
fringing.

On this Figure the coil

Therefore, the

coils was a reduction in

Since the field is calibrated the change in force on the

spheres due to fringing, if any, would be compensated for.

With no

increase in power imput

the force obtainable couldbe increased in

excess of sixteen times

with the arrangement shown in Figure 35.

This rework was necessitated in part by the fact that the coils
were shorted to the core when the power level was increased above the
design point during one test.

Operation of the magnet while it is

shorted is extremely dangerous.
The coils of the magnet should be submerged in a tank of trans
former oil in addition to the cooling inside the coils to prevent over
heating of the coils.

The use of thermocouples in the coils, the same

as with the present design, is also recommended.
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Figure 35. Recommended Magnetic Accelerator Configuration.
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Release Mechanism
For testing with large diameter spheres the release mechanism
should be rebuilt.

It should be arranged so that no movement of the

sphere in any direction occurs before the sphere is free.

The overall

size of the release assembly should be reduced and the system stream
lined so that very little turbulence is generated on opening of the
jaws.

Test Chamber
For testing with large spheres, another test chamber should be
constructed with a larger cavity to reduce wall effects.

Small Diameter Sphere Equipment
For testing with small diameter spheres a better injector sys
tem and removal system are needed.

The pneumatic injector which was

built generally gave too high of a flow rate of spheres, and too small
of a range of control.

Control of the flow rate of spheres is of prime

importance.
For removing the spheres from the magnetic field a mechanical
system is recommended.

Use of a small belt traversing the test chamber

bottom appears to be the simplest system.
A better camera mount is a necessity for testing with small
diameter spheres.

It is recommended that a system similar to the one

shown in Figures 21 through 23 be built.
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AccuracyMuch work is needed to improve the accuracy of measurement and
data reduction.

This will become extremely important as lower densities

are used in the chamber.

Further Testing Needed
Very little detailed information about the aerodynamic drag of
spheres is available.

No general approach for combining effects of

several parameters to determine a single drag coefficient is at present
available.

An empierical approach similar to that used in heat trans

fer could help to bridge the present gap and perhaps aid in the develop
ment of a better mathematical theory of drag.
The present test equipment would be well suited for determining
the interrelation between some of the parameters, particularly:
(1) Acceleration and turbulence,
(2) Acceleration and Knudsen number,
(3) Acceleration, particle density, and turbulence, and

(h)

Relative and absolute acceleration.

In addition to the interrelation data mentioned above further
work is needed on almost all of the variables in the idealized case.
The ranges of each of the graphs in Chapter I need additional extend
ing data.

Conclusions
Basic equipment has been developed which,with the modifications
presented above,allows for the control of all known variables relating
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to the aerodynamic drag.

Accuracy of the present system is sufficient

to allow determination of the drag coefficient down to a Reynolds num
ber well below the minimum Reynolds numbers given in the current liter
ature.

This equipment should be of particular value in determining the

effects of acceleration on the drag and also the interrelation between
acceleration and other effects on the drag.

APPENDIX A
MAGNET DESIGN

APPENDIX A

Magnet Design
The equation for the magnetic force acting on a particle in a
magnetic field is [23] :

v K H d hi
d X

F„

where:

Fm
v
K
H
X

is
is
is
is
is

the
the
the
the
the

(12)

magnetic force
volume of the particle
magnetic susceptability of the particle
field strength
linear dimension of the field.

The equation for the field strength of a bar magnet along the
axis of the bar, when substituted into equation

(2gives

the force as a function of X to the eleventh power.

an equation for

This neglects the

effect of the change in susceptability with field strength.

Using such

a field, if the linear dimension can be measured to within plus or minus
one percent, the possible error in the force would be approximately plus
or minus ten percent.

This, when combined with other possible system

errors would invalidate any measurements taken with such a system.
Therefore, a field which does not vary as rapidly must be used.
Such a field can be obtained in the annulus between two infinite
ly long concentric cylinders, with the cylinders as the magnetic poles.
Since there would be a constant flux, 0, flowing through the annulus,
the flux density is:

B =

2rrx^ =

(13)

^o/7
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where:

0
X
B

/UQ
L

is
is
is
is
is

the
the
the
the
the

total flux
radius of the point considered
flux density
permeability of air
length of the magnet.

The force is then:

Fm

- _

"

v K (7fa

(Hi)

'fWMFTJW

The minus sign indicated the force is in the -X direction.
Since it would be impossible to build a magnet meeting the above
conditions, it became advisable to determine how long the cylinders should
be to approach the conditions above.

The differential equations of flux

“flow" through a media with constant permeability are identical in form
to those for the flow of electric current through a media with constant
resistivity.

The two systems may, therefore, be said to be analogous.

An analog study was made to determine how long the cylinders for
such a magnet should be.

It was first decided that approximately twelve

inches between the cylinders was needed to obtain a sufficient number of
data points and allow room to work.

Secondly, it was considered that a

two dimensional analog, taking a section lengthwise of the system, was
sufficiently accurate to represent the system since an effort was being
made to obtain a two dimensional field in the area of interest.

The

analog test setup and the electrical resistance analog used are shown in
Figures 36 and 37 respectively.

The lines shown in Figure 37 are lines

of constant electrical potential which are analogous to the lines of con
stant magnemotive-force.

The direction of current flow (or flux flow)

would be perpendicular to these lines.

The flux }.ines in an infinite

annulus would be radical and straight; therefore, the two dimensional
analysis is valid only where the constant potential lines are straight.
The analog shown in Figure 37 showed that the length of cylinders required

Figure 36. Analog test setup.
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Figure 37. Electrical analog of magnet— Parallel to field,
are equipotential lines.
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Lines

83
for a two dimensional analysis to hold would be to large to be practical.
It was, therefore, decided to modify the shape to eliminate the curva
ture of the lines and still have a reasonable size magnet.

Several dif

ferent shapes were tried on the analog and a best shape was obtained.
The final shape and analog is shown in Figure 38 .
In order to apply a magnetic potential between the two cylindri
cal surfaces a complete annulus could not be easily used because of the
room required for coils.

A semicircular annulus was, therefore, consider

ed best in order to have the test area accessable.

When an analog study

of this cross section was made it was necessary to consider the effect
of the coils since there is alvrays some flux leakage from the coils.
This was done on the analog shown in Figure 39-

The voltage was imposed

in finite steps in the area representing the coils by a series of resis
tors . The method of superimposing the voltage which gave the least dis
turbance to the ideal field was a hyperbolic distribution based on equa
tion 13.
The radius of the inside cylinder was obtained by maximizing the
force obtainable at a certain distance from the inside radius.
tance was to be as close to the surface as tests could be made.

The dis
Consider

ing the saturation of a line at the diameter of the center cylinder as
the limit for the flux obtainable, the maximum flux is:

—
—
where:

B
R^

Ri
jL
4 B£at H

(15)

is the saturation flux density
is the radius of the center cylinder.

The distance X is now R^-f b where b is the minimum distance from the
surface.

Substituting these into equation ll; gives:

Figure 38. Electrical analog of magnet— Final shape lines show
comparison of fringing with and without contouring.
8U

Figure 39. electrical Analog of magnet— cross section.
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4 - v K B l * * Rf
T 2 (Ri + b ) 3^

(FJ,
'^'•'*w<9ixi ** un

(16)

Taking the derivative of this and equating it to zero and noting that K
is a function of the material of the spheres used and of

4 vK B
■ir2" ?

dFm

4v

+

it2

( Rt+Wm
nS.

B ^ckt

m

JLRl

\ j2JR l

kax

'i'

%

(17)

A K

-

Q

d R<’

Since;

'iAp — y(A a

K =

where: ^

(18)

Tfr

is the permiability of the particle
is the permiability of the free space.

dsUv
4 ir ~ Z W

(19)

But:

d

c///

(20)

d /?.'

d H

by the chain rule.

can be evaluated, since;

d??c

Q.Bmd*

L

(21)

H =■ W m T J W T I ^
Therefore;

h i

d Ri

— <2 Bi*\«x
7T ^

L .

(2 2 )

b

~ W T W

The final equation for the optimization of R., therefore, becomes:

K(Ri-2b) +

Brv\a.x i—
2-'lX‘LMa

dW »
b d H

7p /
r ‘

- o
Ri+b

(23)

87
This equation was then evaluated for the value of the radius, IL.

This

was found to be 2.23 inches for the materials and dimensions used.
The number of turns needed on the magnet was determined.

The

equation for the loss of magnemotive force across an infinitesmal ele
ment would be:

d(Nl)
Tirheres

=

JL JK

(2it)

NI is the ampere turns.

Substituting into equation 13 and integrating between the radii gives:
/I/ T

—

— "-n** —
'Tt^o

-

^ Ro
'"fiT

(23)

When evaluated this gave a value of 3 x lO'’ ampere-turns.
When equation 13 is substituted into equation 23 and solved for

0, equation 23 becomes:
<£-

2 . ^ N I L yUa

(26)

Substituting this into the force equation gives

rr

__

v K Cn

i )*

(27)

hrr>
The shape of the magnet cores finally determined from this
analysis is shown in Figures JUO and Jjl.

The reason for the contour of

the core in the region of the coils was to prevent interference of the
leakage flux with the main field
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APPENDIX B

Testing with Small Diameter Spheres
Introduction
Recent inovations in propulsion fuels for aircraft and rockets
have resulted in exhaust nozzles flows containing solid and/or liquid
phases.

Investigations have shown that these phases are spheres.

It is

necessary to know the aerodynamic drag forces, in order to evaluate the
losses incurred by the second phase within the flow.
These flows have two characteristics which necessitate investiga
tion of their properties with small diameter shperes:

(l)

The high

Knudsen number caused by the high temperature and small size of spheres
within the flow, and (2)

Large numbers of particles necessitating study

as a two phase or multiparticle system.
The size of the spheres involved in these flows are generally
less than twenty microns in diameter.

They are important, however, be

cause they represent a high weight fraction of the flow.

Special Problems
Spheres
Obtaining ferromagnetic spheres of the size mentioned above
presents no problem.

Spheres are obtainable from the Linde Corporation

under the brand name of "Microspheres".

These are obtainable in nickle

and 318 stainless steel, both of which are ferromagnetic.
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It is also
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possible to obtain these spheres in special materials.
of some nickel "Microspheres" is shown in Figure 1*2.

A microphotograph

The largest of the

spheres shown in the figure is under l£0 microns in diameter.

Acceleration Measurements
Because of the small size of the spheres, it is imparative that
greater magnification be used in the camera than was used in the other
tests reported herein.

Lenses and extentions were made to provide this

magnification.
Two methods of obtaining the acceleration are available.
method given in Chapter III can be used.

The

It would require that something

be included in the field of view of the camera from which the position
and magnification can be determined.

After the data is obtained, a double

differentiation must be performed.

A second method would be to remove

the framing prism from the camera.

The camera would be focused on a

known position and set for a speed higher than the sphere velocity.

With a

continuous stream of spheres traversing the field, a roll of film would
be taken,

A section of the film would then be found where the spheres

appear as circles rather than streaks.

At this point the sphere velocity

can be determined as:
v*_

Vi
where:

(28)

Me.

V i s the sphere velocity
M q is the optical system magnification
Vc is the film velocity within the camera,
From this data a single derivative will give the acceleration

since s
Vs

•

_

j_ d ( v w ) 4

-*

~

s

j r

(29)

Figure Ii2. "Microspheres" produced by Linde Corp.
are under 15>0 micron diameter.
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Largest particles
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where:

X is the displacement or the location of the point where the
data was taken.

Chaining
At any time when two spheres come into contact within the mag
netic field, they will remain in contact.

With the spheres together the

aerodynamic drag will differ from that of a single sphere.

Since a mag

netic field exerts a torque on a body also, the line of centers of the
two spheres will be aligned with the magnetic field.

Therefore, chains

of spheres will be visible as such.
In order to prevent the chaining of the spheres, they must be
introduced into the magnetic field away from the other spheres.

Once in

the field, the force on the lowest sphere should be greater than that on
the ones above it.

This would cause the spheres to remain separate as

desired.
A system was built to place the spheres singly into the magnetic
field.

A schematic of this system is shown in Figure U3.

This system

worked well for low magnetic field strengths, but would clog with spheres
at medium to high magnetic field strengths.

More control is needed over

the flow rate of spheres, especially at low flows.

Re-use of Spheres
Because of the residual magnetism of the spheres after they have
been used they tend to hang together.

Attempts were made to demagnetize

the microspheres which had been in the magnetic field.

Each time the

field was reversed, the spheres would move resulting in their retaining

Figure

k3* Small Diameter Sphere Injection System.
valve in open position (Solenoid energized).
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Shown with

9k
their magnetism.

Magnetized spheres should not be used as their residual

plus induced magnetism may be greater than the induced magnetism would
be.

This would make the calibration invalid.

Sphere Removal
Removal of the spheres from the magnetic field is required be
cause of their interference with the magnetic field.

It requires but

very few spheres to completely change the magnetic field because they
tend to stack up or form chains and rapidly bridge between the magnetic
poles.
Several attempts were made to design equipment to hydraulically
remove the spheres from the test chamber by use of a high velocity stream.
These systems plugged with spheres very rapidly.

It is felt that a me

chanical removal system is the best method since it would not limit the
variables of fluid, temperature, and pressure as severely.
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THE AERODYNAMIC DRAG OF SPHERES
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THE AERODYNAMIC DRAG OF SPHERES

A literature survey was conducted to determine the factors
which affect aerodynamic drag of spheres.

Graphs are presented which

show the effect of each variable where such information was available.
Equipment was designed and built for the purpose of studying
the effects of acceleration on the aerodynamic■drag of spheres.

Special

emphasis was placed on the measurement and control of each of the other
variables which can affect the drag.
Tests were conducted using large spheres in air and water to
show that the method presented can produce a valid determination of
the drag coefficients.

The numerical values of the measured data can

not be considered accurate because of known discrepancies in the test
equipment.
Information is also presented on the use of this equipment for
tests with small diameter spheres.
Recommendations are made for further testing on the aerodynamic
drag of spheres and for needed changes and additions to the test equip
ment
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